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Ventilation which exhausts the contaminated indoor air and brings in the fresh outdoor air is essential for 
maintaining acceptable indoor air quality. Ventilation, however, causes energy loss since heating or cooling is 
necessary to change the state of outdoor air to that of indoor. In this work, three methods of recovering sensible heat 
during ventilation and heating process of an air-source heat pump have been studied experimentally. Those methods 
are by a separate sensible heat exchanger, introduction of indoor air to the evaporator (single heat recovery), and 
finally a combination of fore-mentioned two methods (double heat recovery). An air-source heat pump system with 
none, single and double heat recovery capabilities has been built and tested in two constant-temperature and 
constant-humidity thermal chambers that simulate the indoor and outdoor environments. From the experiment 
performed under standard heating condition for various ventilation flow rates, net coefficient of performance was 
highest in the order of double heat recovery, sensible heat exchanger, and single heat recovery. Double heat 
recovery heat pump that has the ventilation and double heat recovery functions integrated into a single unit showed 




In an air-source heat pump system, outdoor air acts as a heat sink to which heat is rejected during cooling, and 
as a heat source from which heat is extracted during heating. Since air is readily available everywhere, air-source 
heat pumps are the most widely used heat pumps in residential and commercial buildings. In general, a heat pump 
consists of a compressor, an indoor heat exchanger combined with an indoor fan to generate and distribute the 
required heat energy to the conditioned space, an outdoor heat exchanger that is often combined with an outdoor fan 
to discharge the exhaust energy to the environment and an expansion valve for regulating the refrigerant flow. 
Depending on the heat energy required, the indoor heat exchanger is operated to be an evaporator during cooling or 
a condenser during heating. 
Modern building tends to adopt controlled forced ventilation for maximum energy saving and comfort. There is 
a large variation in the fresh air requirement for people depending on the situations. ANSI/ASHRAE (2001) 
Standard 62-2001 recommends 30-54 m3/(h·person) of outdoor air for commercial buildings. Ventilation, though 
essential for maintaining acceptable indoor air quality, is always accompanied by energy loss since outdoor air must 
be cooled or heated to bring it to the space condition. Figure 1 shows percentage of heating load increase due to 
outdoor ventilation for a standard heating operation condition. In the figure, it is shown that for an outdoor 
ventilation of 30%, heating load has been increased by 23.4% compared to none outdoor ventilation. For the 
calculation, it has been assumed 21oC, 45% for indoor, 7oC, 6oCwb for outdoor condition, and 38.5oC for supply air 
temperature. Since a large amount of energy is lost due to ventilation, it is very important to recover ventilation 
energy. 
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Figure 1: Increase of heating load due to outdoor ventilation 
 
The objective of this work is to study the overall performance of heat pump in heating mode for various heat 
recovery systems during forced ventilation. A heat pump combined with a ventilation system is built for this 
research and tested in two constant-temperature and constant humidity chambers. Methods for recovering sensible 
heat tested in this work are by a separate sensible heat exchanger, introduction of indoor air to the evaporator, and 
finally a combination of fore-mentioned two methods. Net coefficient of performance (COP), refrigerant based 
COP, refrigerant mass flow rate, air based heating capacity, refrigerant based heating capacity, high-side pressure, 
low-side pressure, compressor work, supply air temperature, and evaporator exhaust air temperature are measured 
and compared with the case of none ventilation heat recovery. 
 
2. METHODS FOR RECOVERING VENTILATION ENERGY 
 
Several types of air-to-air exchanger recovery devices are available for recovering energy from ventilation. 
Figure 2 shows heat pump in operation with 4 types of ventilation. In type A, indoor air is exhausted and at the same 
time same amount of air is introduced from the outdoor. No heat recovery is done in this case. In type B, a separate 
sensible heat exchanger is used to recover sensible heat from the outgoing indoor air. The incoming outdoor air is 
heated before it is introduced to the indoor space, thus reducing the heating load. In type C, heat pump and 
ventilation system are conveniently integrated into one single unit and can provide both heating and ventilation. Air 
that needs to be exhausted for ventilation is at a temperature higher than that of the outdoor. If this indoor air is 
introduced to the evaporator, it will increase the temperature of the air entering the evaporator. This would increase 
the refrigerant pressure of evaporator resulting in performance increase of the heat pump. In type D, a sensible heat 
exchanger and a mechanism used in type C are combined to recover more heat.  
Figure 3 shows the corresponding processes of single and double heat recoveries in a psychrometric chart. In 
type C (Figure 2c), the outdoor-to-supply air and the return-to-exhaust air that have the same mass flow rate are 
mixed with main flow of the return air and the outdoor air, respectively. As a result, the temperatures of 
corresponding mixing states (a and b) will decrease and increase, respectively. The changes of air temperatures in 
those favorable directions will cause the condenser pressure decrease and the evaporator pressure increase, which 
results in the increase of COP of the refrigerant cycle. In type D, the incoming outdoor air that will be supplied to 
indoor for freshening purpose is heated by a sensible heat exchanger, which becomes a primary heat recovery 
mechanism. The corresponding exit states of outdoor-to-supply and return-to-exhaust after the sensible heat 
exchanger are c and d as shown in Figure 2d. State d is then mixed with the outdoor air resulting in state f before 
entering the evaporator. Since the temperature of state f becomes higher than that of the outdoor air, the refrigerant 
pressure in the evaporator will be higher than the case without this feature. This is the second heat recovery 
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Figure 3:  Psychrometric processes of single and double heat recoveries 
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3.  DESCRIPTION OF THE TEST APPARATUS 
 
To test the performance of three types of heat recovery systems for ventilation and compare with none heat 
recovery case, a heat pump system and two thermal chambers were built. As shown in Figure 4, the heat pump 
system consists of 2.5 RT scroll compressor, indoor heat exchanger, outdoor exchanger, sensible heat exchanger, 
indoor fan, outdoor fan and dampers. The measurement locations for temperature, humidity, flow rate and power 
consumption are also shown in the figure. Two thermal chambers were used to simulate the indoor and outdoor 
temperature and humidity conditions for heating mode. Total of 35 data channels for temperature, pressure, 
refrigerant mass flow rate, volumetric airflow rate and electric power consumption were connected to a personal 
computer. T-type thermocouples (0.1oC), dew point meter (0.2oC), averaging pitot tube type air flow meter (3%), 
turbine type air flow meter (1 m3/h) and pressure transducer(0.5%) are used to measure the air side temperature, 
humidity, flow rate and pressure as shown in Fig. 4. Pressure transducer (0.05%) and T-type thermocouples (0.1oC) 
are installed to measure the thermodynamic state of the refrigerant. The mass flow rate of the refrigerant is measured 
by a liquid mass flow meter (0.2%) installed between the condenser and the expansion valve. Electric power 
consumption is measured with an electric power analyzer (0.3%). Numbers in the parenthesis indicate the accuracy 
of the instrument. 












































Figure 4:   Experimental apparatus 
 
4. ANALYSIS OF THE EXPERIMENTAL RESULTS 
 
For the experiment, temperature and humidity of the two thermal chambers were controlled to satisfy the 
standard heating condition of 21oC temperature, 50% relative humidity of indoor and 7oC temperature, 7oC wet bulb 
temperature of outdoor. The system state is considered steady if all data values stay within acceptable tolerances in a 
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period of at least 5 minutes. The allowed errors for both dry and dew-point temperature are ±0.2oC. To verify the 
repeatability, each experiment case was tested repeatedly 3 times with a recording time of 5 minutes each. The 
values presented in Tables 1 and 2 are the average values of those 3 repeated data sets. Total of 9 experiment cases 
were performed. Five cases with type C and four with type D. Five ventilation flow rates (0, 100, 200, 300, 400 
m3/h) were tested with type C, whereas 4 flow rates were done with type D. All of these experiments were done with 
the air flow rate of 1300 m3/h for indoor supply and 3150 m3/h for outdoor exhaust. Due to heat losses and the errors 
associated with the measurement instruments, heating capacities of the refrigerant side are all higher than those of 
the air side but their differences are less than 10%. The percentage standard deviation of all the data values is 1.32%. 
The first set of experiment was done with single heat recovery (type C) and its data are presented in Table 1. 
Table 2 presents the data of the double heat recovery experiment set (type D).  Refrigerant and air based heating 
capacities that are given in Tables 2 and 3 are calculated according to Eqn. (1) and (2). Refrigerant based coefficient 
of performance given in Eqn. (3) is defined as a ratio of refrigerant based heating capacity to compressor work. Air 
based coefficient of performance is given in Eqn. (4). 
 ( )outcond,ref,incond,ref,refrefcond, hhmQ −=  (1) 

















Q −==  (4) 
 
Table 1:   Results of single heat recovery (Type C) 
Ventilation flow rate  Parameters 0 m3/h 75 m3/h 150 m3/h 225 m3/h 300 m3/h 
TA3            (oC) 38.6 38.2 37.9 37.4 36.8 
TA4            (oC) 3.4 3.6 3.9 4.1 4.3 
TD4            (oC) 3.0 3.1 3.4 3.5 3.6 
∆PIHX             (Pa) 13.5 13.8 15.1 15.8 17.4 
Air side 
∆POHX       (Pa) 70.8 63.1 58.2 57.2 56.5 
P1                   (kPa) 418.1 420.1 423.2 425.4 427.4 
P2                   (kPa) 1564.5 1552.4 1545.4 1527.6 1509.3 
Refrigerant 
side mref         (kg/s) 0.03797 0.03827 0.03851 0.03881 0.03903 
Qcond,ref      (W) 7922 7988 8045 8110 8162 
Qcond,air      (W) 7297 7549 7741 8010 8170 
Qevap,ref      (W) 6450 6519 6581 6661 6719 
Wcomp             (W) 2047 2030 2020 2000 1977 
Qnet                  (W) 7296 7083 6797 6585 6278 
COPref 3.87 3.93 3.98 4.05 4.13 
Heat pump 
performance 
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Table 2:   Results of double heat recovery (Type D) 
Ventilation flow rate Parameters 75 m3/h 150 m3/h 225 m3/h 300 m3/h 
TA3               (oC) 38.4 38.3 38.1 37.6 
TA4               (oC) 3.5 3.6 3.8 4.0 
TD4               (oC) 3.1 3.2 3.3 3.4 
∆PIHX                    (Pa) 14.0 14.0 14.4 14.8 
Air side 
∆POHX                  (Pa) 66.0 66.0 60.6 59.8 
P1                        (kPa) 419.4 422.6 424.2 424.6 
P2                        (kPa) 1559.6 1557.1 1551.6 1538.0 
Refrigerant 
side mref             (kg/s) 0.03806 0.03839 0.03851 0.03867 
Qcond,ref         (W) 7938 8006 8027 8076 
Qcond,air         (W) 7271 7397 7381 7354 
Qevap,ref         (W) 6473 6534 6563 6608 
Wcomp                    (W) 2040 2040 2030 2010 
Qnet                        (W) 7048 6965 6785 6600 
COPref 3.89 3.92 3.95 4.02 
Heat pump 
performance 
COPnet 3.45 3.42 3.34 3.28 
 
For higher compressor performance, it is better to make the evaporator pressure high and the condenser pressure 
low. Due to the heat recovery effects as explained with Figures 2 and 3, compressor suction pressure increases in 
accordance with the increase of ventilation volumetric flow rate. Since the inlet air temperature of evaporator of type 
C is higher than D, the suction pressure of type C is higher than that of type D. Note that changes in ventilation flow 
rate do not affect the heat pump refrigerant parameters of types A or B since for these two types, ventilation is 
carried out independent of the heat pump operation and does not affect the heat pump system. In the analysis 
afterwards, ventilation flow rate of 300 m3/h which is 23.1% of the supply air flow rate of 1300 m3/h will generally 
be selected for making comparison. For a ventilation flow rate of 300 m3/h, suction pressures of types C and D are 
9.3 and 6.5 kPa higher than that of none heat recovery case of types A or B. In percentage, the increase becomes 
2.2% and 1.6%, respectively.  
The discharge pressure of type C is decreased by 55.2 kPa, while 26.5 kPa decrease is observed for type D. A 
compressor can discharge more mass if the pressure ratio of discharge to suction is lowered. In a heat pump cycle, 
larger mass flow rate means greater capacity and thus is beneficial. Refrigerant mass flow rate increases as 
ventilation flow rate increases. For a ventilation flow rate of 300 m3/h, the pressure ratios of types C and D become 
3.53 and 3.62, which are 5.6% and 3.2% less than 3.74, a pressure ratio for none heat recovery, types A or B. The 
refrigerant mass flow rates of types C and D are 0.03903 and 0.03867 kg/s, respectively. Type D has less refrigerant 
mass flow rate in comparison to type C because the effect of introducing the indoor air to the evaporator is degraded 
due to the pre heat transfer by the sensible heat exchanger. 
Supply air temperatures of types A (or B), C and D at 300 m3/h ventilation flow rate are 38.6 oC, 36.8 oC, and 
37.6oC. Since the return air in types C and D is mixed with the cold outdoor air, the temperature of the air that enters 
the condenser is lowered. Though this low air temperature decreases condenser pressure and thus increases the 
system performance, the supply air temperature decreases as a consequence. Electric power consumption of 
compressor is proportional to the product of mass and enthalpy change across the compressor. Since the effect of 
enthalpy change is greater than that of mass, power consumption of types C and D decreases as ventilation flow rate 
increases. Least input power is required for type C. At 300 m3/h ventilation flow rate, electric power consumption of 
compressor for types C and D are 1977 and 2010 W, which are 3.4% and 1.2% decrease from a none heat recovery 
case of 2047 W. 
There are two ways of defining heat pump heating capacity and coefficient of performance depending on what 
it’s based on, refrigerant or air. Refrigerant based performance is based on the enthalpy difference of refrigerant 
across the condenser. Air based heat pump heating capacity is defined as the product of mass flow rate of supply air 
and the enthalpy change of air through the heat pump. Since the enthalpy change is the difference between the 
indoor and the supply air, air based heat pump heating capacity is calculated as given in Eqn. (5). Air based net 
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heating capacity is defined as the air based heat pump heating capacity subtracted by the energy loss due to 
ventilation. Air based net performance is most important since it considers overall effect including ventilation. For 
type A as shown in Fig. 2a, air based net heating capacity can be calculated as Eqn. (6). Energy loss due to 
ventilation is the product of mass flow rate of ventilation and enthalpy difference between outdoor and indoor air 
and is given in Eqn. (7). For type B as shown in Fig. 2b, air based net heating capacity can be calculated as Eqn. (8). 
Since some heat is recovered by a sensible heat exchanger, heat loss due to ventilation is less than that of type A and 
can be calculated in as given Eqn. (9). 
 ( )IASAsupplyair,HP hhmQ −=  (5) 
 Qnet,A = QHP,A – Qvent,loss,A (6) 
 )( OAIAventAloss,vent, hhmQ −=  (7) 
 Qnet,B = QHP,B – Qvent,loss,B (8) 
 )( OAIIAventBloss,vent, hhmQ −= &  (9) 
 
State OAI as shown in Fig. 2b is a state of the outdoor air after passing through the sensible heat exchanger and 
is a function of the efficiency of the heat exchanger. Since only sensible heat transfer occurs in the heat exchanger, 
absolute humidity of state OAI is equal to state OA. Enthalpy of state OAI (hOAI) can be calculated from two 
independent properties, temperature(TOAI) and  humidity(wOAI), where temperature TOAI can be calculated from Eqn. 
(10). 
 )( OAIASHXOAOAI TTTT −+= η  (10) 
For types C and D, the ventilation system has been conveniently integrated to the heat pump system and 
subtraction of energy loss due to ventilation does not need to be considered. Thus for types C and D, air based net 
heating capacity is equal to the air based heating capacity of heat pump as given in Eqn. (11) and (12). 
 CHP,Cnet, QQ =  (11) 
 DHP,Dnet, QQ =  (12) 
Figure 5a shows that air based net heating capacity decreases as ventilation increases. The performance of heat 
recovering methods is highest in the order of double heat recovery, separate sensible heat exchanger and finally 
single heat recovery. For a ventilation rate of 300 m3/h, air based net heating capacities of types B, C and D are 
6540, 6278 and 6600 W, which are 11.1, 6.7 and 12.1% higher than that of none heat recovery case of 5886 W. 
Coefficient of performance of types A, B, C and D based on net heating capacity are 2.88, 3.20, 3.18 and 3.28, 
respectively as shown in Figure 5b. The effect of ventilation heat recoveries of types B, C and D improve the COP 
by 11.1, 10.4 and 13.9%, respectively. For an indoor space which requires heating and ventilation simultaneously, a 
heat pump system of which double ventilation heat recovery mechanism is integrated into one unit is most efficient 
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Figure 5:  Air based heat pump performance (▲ A,  • B,  ♦ C,  ■ D) 
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In this work, three methods of recovering sensible heat during ventilation and heating process of heat pump 
have been studied experimentally. Those heat recovering methods are by a separate sensible heat exchanger, 
introduction of indoor air to the evaporator (single heat recovery), and a combination of the fore-mentioned two 
methods (double heat recovery). An air-source heat pump system that can recover ventilation heat by three methods 
has been built and tested in two constant-temperature and constant-humidity thermal chambers that simulate the 
standard heating conditions of indoor and outdoor environments. For an experiment with a ventilation ratio of 23.1%, 
net coefficient of performance for none, sensible heat exchanger, single and double heat recoveries were 2.88, 3.20, 
3.18 and 3.28, respectively. The effect of a separate sensible heat exchanger, single and double heat recoveries 
improve the net COP by 11.1, 10.4 and 13.9%.  
Among the heat recovery methods tested, a heat pump system of which double ventilation heat recovery 





COP coefficient of performance (-)  Subscripts 
h enthalpy (kJ/kg) IA indoor air 
m mass flow rate (kg/s) OA outdoor air 
Q heat transfer rate (kW) OAI outdoor air - in 
T temperature (oC) SA supply air 
W compressor power (kW) SHX sensible HX 
η heat exchanger efficiency (-) WB wet bulb 
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